Hereditary motor and sensory disorders of the peripheral nerve form one of the most common groups of human genetic diseases collectively called Charcot -Marie -Tooth (CMT) neuropathy. Using linkage analysis in a three generation kindred, we have mapped a new locus for X-linked dominant CMT to chromosome Xp22.11. A microsatellite scan of the X chromosome established significant linkage to several markers including DXS993 (Z max 5 3.16; u 5 0.05). Extended haplotype analysis refined the linkage region to a 1.43-Mb interval flanked by markers DXS7110 and DXS8027. Whole exome sequencing identified a missense mutation c.G473A (p.R158H) in the pyruvate dehydrogenase kinase isoenzyme 3 (PDK3) gene. The change localized within the 1.43-Mb linkage interval, segregated with the affected phenotype and was excluded in ethnically matched control chromosomes. PDK3 is one of the four isoenzymes regulating the pyruvate dehydrogenase complex (PDC), by reversible phosphorylation, and is a nuclear-coded protein located in the mitochondrial matrix. PDC catalyzes the oxidative decarboxylation of pyruvate to acetyl CoA and is a key enzyme linking glycolysis to the energy-producing Krebs cycle and lipogenic pathways. We found that the R158H mutation confers enzyme hyperactivity and binds with stronger affinity than the wild-type to the inner-lipoyl (L2) domain of the E2p chain of PDC. Our findings suggest a reduced pyruvate flux due to R158H mutant PDK3-mediated hyper-phosphorylation of the PDC as the underlying pathogenic cause of peripheral neuropathy. The results highlight an important causative link between peripheral nerve degeneration and an essential bioenergetic or biosynthetic pathway required for the maintenance of peripheral nerves.
INTRODUCTION
Charcot -Marie-Tooth (CMT) neuropathy is a group of degenerative disorders of human peripheral nerve affecting both motor and sensory neurons. This genetically and clinically heterogeneous syndrome is the most commonly inherited neuromuscular disorder affecting 1 in 2500 people (1) . The CMT phenotype is characterized by progressive weakness and atrophy of distal muscles, high arched feet (pes cavus) and loss of deep tendon reflexes. X-linked CMT (CMTX) accounts for up to 15% of CMT. Currently, there are five known loci reported: CMTX1 (OMIM 304040), CMTX2 (OMIM 302801), CMTX3 (OMIM 302802), CMTX4 (Cowchock syndrome; OMIM 310490) and CMTX5 (OMIM 311070). CMTX1 is X-linked dominant and the most common form of CMTX. It is caused by mutations in gap junction beta 1/ connexin32 (GJB1/Cx32) located on chromosome Xq13.1 (2) . The loci for recessive CMTX (CMTX2 and CMTX3) were mapped to chromosome Xp22.2 and Xq26-28, respectively. Mental retardation was present in the family mapping to the CMTX2 locus and spasticity with pyramidal signs was observed in families mapping the CMTX3 locus (3) . Cowchock syndrome (CMTX4) was mapped to chromosome Xq24-26 and is characterized by early onset polyneuropathy sensorineural hearing loss and mental retardation (4, 5) . The CMTX5 locus mapping to Xq21.32-q24 is associated with deafness and optic neuropathy and is caused by mutations in the phosphoribosyl pyrophosphate synthetase 1 gene (PRPS1) (6) .
A proven approach for identifying genes is the use of whole exome sequencing (WES). The seminal papers describing the strategy of targeting the protein coding regions for exome sequencing is a testament to the power of this approach for identifying mutations in Mendelian disorders (7, 8) . By using a combination linkage analysis and exome sequencing, this approach is expediting the discovery of genes for CMT. Recent success for using exome analysis as a strategy for CMT gene discovery has provided a proof of principle for CMT (9) and the report of autosomal-dominant mutations in the ubiquitin ligase gene LRSAM1 (10) and the cytoplasmic dynein heavy chain 1, DYNC1H1 (11) . We previously reported a family with X-linked dominant CMT that was negative for mutations in the coding region of the GJB1/Cx32 gene (12) . In this study, we have used a combination of linkage analysis and WES to map a new locus for CMTX in this family and identify the causative gene.
RESULTS

Clinical history and neurologic examination
Nineteen members of the kindred underwent a clinical history and neurologic examination and 16 had neurophysiologic studies (Fig. 1A) as described previously (13) . Two subjects were not available for clinical evaluation (II:3 and III:11). Five affected males and eight carrier females from two generations were identified (males mean age 33.0 + 17.3 years; females 43.9 + 16.7 years at assessment). Affected males were more severely affected than females (mean Charcot-Marie-Tooth Neuropathy Score, CMTNS, 11.5 + 3.3 in males, 2.0 + 2.2 in females) (14) . Males had symptom onset in the first 13 years of life (mean 6.7 + 4.5 years) with foot deformity and/or gait abnormalities. One male had mild delay in motor development, walking at 19 months of age. Three had foot/ankle surgery in their teens. Disease progression was gradual. Males in the older generation (aged 49 and 54 years) had greater disability than those in the younger generation. All remained ambulant and engaged in employment or study. Carrier females were asymptomatic or very mildly affected. Two developed mild foot deformity in their mid-teens, two noted hand tremor in their early forties and four were asymptomatic (although two of these had hand tremor on neurologic examination). Clinical features are summarized in Table 1 and Supplementary Material, Table S1 .
All males had progressive moderate-to-severe wasting below the knees (Fig. 1B) , a steppage gait, absent ankle reflexes and distal lower limb weakness and sensory abnormalities. Although routine manual muscle testing revealed minimal weakness of the hand intrinsic muscles, hand dynamometry detected reduced grip strength in all affected males (mean z-score 25.0). Hand dexterity was also reduced as measured by the 9-hole peg test (Supplementary Material, Table S1 ). Cranial nerve abnormalities and proximal weakness were not present in any family members. All carrier females in the older generation had subtle abnormalities on neurologic examination, including mild wasting of hand intrinsic muscles, a mild postural hand tremor and absent or reduced ankle reflexes. Two teenage obligate carrier females (IV:7 and IV:8) had a normal neurologic examination apart from a very mild postural hand tremor. Hand-held dynamometry of distal muscle strength was more sensitive than manual muscle testing, indicating reduced grip strength and ankle dorsiflexion and plantar flexion strength in 67, 67 and 100%, respectively, of the six carrier females tested. Hand dexterity was also reduced in half of the females tested (Supplementary Material, Table S1 ).
Electromyography findings are presented ( Table 2 ). The neurophysiologic phenotype is a predominantly axonal motor and sensory polyneuropathy with variable mild conduction slowing. Males had moderate-to-severe abnormalities, with loss of lower extremity responses after the age of 14 -15 years. Three carrier females had a mild sensorimotor axonal neuropathy. Three other carrier females (III:3, III:4, III:5) had borderline nerve conduction studies with mild neurogenic changes on electromyography, while two obligate carrier females with minimal findings on neurologic examination declined neurophysiologic testing.
Sound detection thresholds were within normal limits for all female participants and three of the four males. One male had moderate sensorineural hearing loss. On auditory brainstem response (ABR) assessment all female carriers had normal conduction velocities (ABR wave I-V interpeak latency) bilaterally (mean latency: 4.2 + 0.2 ms). In contrast, affected males showed significantly impaired neural conduction (mean: 4.8 + 0.5 ms). Interpeak latencies for three of four males were prolonged, with most of the delay between waves I-III, indicative of demyelinating changes in the auditory brainstem peripheral to the cochlear nucleus (15) . There was a trend towards lower ABR wave V amplitudes in the male subjects (V/I ratio: M: 1.4 + 0.3; F: 2.0 + 0.7, P ¼ 0.08), consistent with an axonopathy (16) .
Linkage analysis
A total of 21 individuals were available for genotyping including 7 affected males and 7 obligate female carriers (Fig. 1A) . The proband (IV:5) had previously been tested and found negative for mutations in the coding region of the GJB1/Cx32 gene (12) . In this study, we sequenced the 5 ′ UTR and promoter region of the GJB1/Cx32 gene using previously described methods (17) and no pathogenic variants were identified. We then performed an in house X chromosome scan with 31 microsatellite markers using established protocols (18) . Significant two-point LOD scores ( Fig. 2A and (Fig. 2A) . We then tested additional markers (DXS7110, DXS8027 and DXS1003) to further refine the CMTX6 locus. Significant LOD scores for DXS7110 and DXS8027 confirmed the linkage region to Xp22.11 (Supplementary Material, Table S2 ). A haplotype segregating with the disease in affected males and carrier females was observed between the markers DXS1226 and DXS1003. Two affected males and three obligate carrier females showed a recombination. The affected males (IV:5 and III:15) and obligate female carriers (III:10 and IV:7) showed a recombination between the markers DXS7110 and DXS8027 (Fig. 2B) . The obligate female carriers (III:3 and III:4) carried the haplotype spanning the markers DXS7110 and DXS8027. The combined information from all recombinant individuals refined the CMTX6 locus to a 1.43-Mb interval flanked by the markers DXS7110 and DXS8027.
Exome sequencing identifies a PDK3 missense mutation WES was performed on four individuals (two affected males: IV:5 and III:11; one normal male IV:4 and a married in male III:9) from the family. Our strategy for WES variant filtering (Fig. 3A) identified a single non-synonymous base change at position chrX:24521596 (hg19). The variant mapped within the 1.43-Mb CMTX6 interval and occurred in the pyruvate Table S3 ). To confirm the PDK3 missense mutation, Sanger sequencing was performed to validate the variant in an affected male, a female obligate carrier and an unaffected individual (Fig. 3B) . The DNA melt profiles of these individuals were then used as positive controls for Fig. S1B ) and the missense mutation is predicted to be damaging by both SIFT (19) and PolyPhen2 (20) . We also performed two-point linkage analysis of the c.G473A mutation with an 'A' allele frequency of 1/1200 (based on the exclusion in control chromosomes). A maximum LOD score of 5.41 at 
Pyruvate dehydrogenase kinase 3 (PDK3) isoenzyme
Pyruvate dehydrogenase kinase isoenzyme 3 (PDK3) is one of the four PDK isoenzymes, which negatively regulates the activity of pyruvate dehydrogenase complex (PDC) by reversible phosphorylation (21) . In mitochondria, PDC catalyzes the oxidative decarboxylation of pyruvate to give rise to acetyl-CoA, linking glycolysis to the energy-producing Krebs cycle and lipogenic pathways. The human PDC is a 9.5 × 10 6 -Da macromolecular machine organized around a structural core formed by 60 combined transacetylase (E2p) and E3-binding protein (E3BP) subunits, referred to as the E2p/E3BP core. To the 60-meric E2p/E3BP core, multiple copies of pyruvate dehydrogenase (E1p), dihydrolipoamide dehydrogenase (E3), pyruvate dehydrogenase kinase (PDK) and pyruvate dehydrogenase phosphatase (PDP) are attached (22) . The phosphorylation of specific serine residues in E1p by PDK results in the inactivation of PDC, whereas dephosphorylation by PDP restores PDC activity (21) . PDK isoenzymes exhibit tissuespecific expression; PDK1 is detected in heart, pancreatic islets and skeletal muscles; PDK2 is expressed in all tissues; PDK3 is present in testes, kidney and brain; and PDK4 is abundant in heart, skeletal muscle, kidney and pancreatic islets (23) . Using commercially available cDNA libraries and published primers (24) we have also shown expression of PDK3 in human spinal cord, skeletal muscle, foetal brain and confirmed expression in adult whole brain ( Supplementary  Material, Fig. S2 ).
The dimeric forms of PDKs are the biologically functional entities (23, 25, 26) PDK dimers are recruited to the PDC by preferentially binding to the inner-lipoyl (L2) domain of the E2p chain (27) . Binding of L2 to PDKs requires the covalently attached lipoyl group at the lysine 173 residue of L2 (28) . The activity of PDKs is stimulated upon binding to E2p, but the response to the binding of different isoforms to isolated L2 differs. Both PDK2 and PDK3 are robustly activated by the E2p/E3BP core; and the bulk of this activation in PDK3 (but not PDK2) can be achieved using isolated L2 (25, 29) .
The gain-of-function R158H mutation confers hyperactivity in PDK3
To determine effects of the R158H missense mutation on PDK3 activity, both wild-type and the mutant PDK3 were expressed as maltose-binding protein (MBP) fusions. The presence of the N-terminal MBP moiety in the MBP-PDK3 protein is essential to maintain the insoluble PDK3 in solution. Kinase activity was assayed without (basal activity) and with (+E2p/E3BP) the 60-meric core of PDC (30) . When E1p was used as substrate, R158H PDK3 is 5-fold more active than the wild-type kinase in either basal activity or E2p/E3BP core-enhanced activity (Fig. 4) . Both wild-type and R158H PDK3 kinase activity assayed in the presence of E2p/E3BP showed similar 9-to 10-fold stimulation over basal activity. The results indicate the R158H mutation identified is a gain-of-function mutation that results in hyperactivity in PDK3.
PDK activity is inhibited by pyruvate, the a-keto acid substrate of PDC, and provides a feed-forward mechanism for pyruvate oxidation through an increased PDC flux (31) . Table 3 shows that wild-type PDK2 and PDK4 are sensitive to pyruvate inhibition, with half maximal inhibition concentrations (IC 50 ) of 1.0 and 0.5 mM, respectively. In contrast, both wild-type and R158H PDK3 exhibit similar IC 50 values of 131 and 141 mM, respectively, which are two orders-of-magnitude higher than those for PDK2 and PDK4. The results confirm that PDK3 is least sensitive to inhibition by pyruvate or its analog dichloroacetate among the four PDK isoforms (23) .
Altered binding affinities of R158H PDK3 for nucleotides and L2
We also assessed the binding affinities of PDK3 R158H to nucleotides and the inner lipoyl domain (L2) of the E2 subunit. The L2 domain is the anchoring site for PDK3 on the PDC scaffold. The binding of ATP and the L2 domain to wild-type and mutant PDK3 was measured by isothermal titration calorimetry (ITC) as described previously (30) . The R158H PDK3 showed a 10-fold higher dissociation constant (K d ) for ATP binding (27.9 mM) than the wild-type (2.9 mM) ( Table 4 ). The reduced affinity for nucleotides of R158H PDK3 facilitates the removal of product inhibition by ADP, resulting in increased kinase activity (30) . In addition, the R158H mutation causes a significant increase in binding affinity for L2, compared with wild-type, with K d values of 0.24 and 1.6 mM for the mutant and wild-type PDK3, respectively. The result suggests a tighter association of the mutant PDK3 and the E2p/E3BP core of PDC than wild-type.
DISCUSSION
In the present study, using a combination of linkage analysis and WES, we have mapped a new locus for an X-linked dominant form of CMT (CMTX6) and identified a mutation in the PDK3 gene which lies within the defined 1.43-Mb linkage interval. Molecular validation has shown the R158H PDK3 mutation fully segregates in the family and is absent in ethnically matched control chromosomes as well as published databases. Structurally, like all other PDK isoenzymes, each PDK3 monomer (Fig. 5A) consists of two distinct domains: the Nterminal and the C-terminal domains. In the N-terminal domain, also known as the regulatory domain, an allosteric inhibitor site for pyruvate or dichloroacetate is located in the center of a four-helix bundle made up of helices a3, a5, a6 and a8. Also positioned in the N-terminal domain is the lipoyl-binding site for L2 binding formed by residues from helices a2, a3 and a8 (30) . The ATP/ADP-binding site is located in the C-terminal domain, also known as the catalytic domain. The putative substrate binding cleft for the phosphorylation loop of E1p is situated between helices a7/a8 and helices a10/a12 (32) . Two different conformations were observed in the available PDK3 crystal structures, namely the open (active) conformation and the closed (inactive) conformations, which are suggested to exist in equilibrium (Fig. 5B) (30, 32) . A key difference between the two conformations is the position of D121 in the middle of the continuous a6/a7 helix. In the closed conformation, D121 swings 1808 toward the a8 helix, which unwinds one complete turn of the helix a7, resulting in a narrower active-site cleft that restricts the access of the E1b substrate (Fig. 5B, right  panel) . The apparently unstable unwound helix a7 is maintained by ionic interactions between negatively charged D121 and two positively charged residues R158 and R162. In contrast, the open conformation shows a short kink segment consisting of residues N120 and D121 between helices a6 and a7 (Fig. 5B, left panel) . The open confirmation, which lacks the unwinding of a7, provides a wider active-site cleft that facilitates the E1b access and removes product inhibition by ADP, resulting in higher kinase activity than the closed conformation (30) . A dynamic equilibrium between the open and the closed conformations is thought to be functionally important in the PDK3 catalytic cycle and its migration over the PDC scaffold (32) .
For the R158H PDK3 mutant, the change from an arginine to a histidine in position 158 likely weakens ionic interactions with D121 and reduces stability of the closed conformation, shifting the equilibrium toward the open conformation in the mutant R158H PDK3 (Fig. 5B, left panel) . The resulting lower energy barrier to be overcome for alternating between the two conformations during a catalytic cycle renders the mutant PDK3 a significantly faster turnover enzyme than its wild-type counterpart. To support the pivotal role of R158 in mediating the catalytic cycle, N120 that coordinates to R162 in the open conformation and D121 that interacts with R158 and R162 in the close conformation (Fig. 5B ) were changed to a histidine and an asparagine, respectively. The N120H/ D121N PDK3 double mutant shows 2.1-fold higher basal and 1.34 higher E2p/E3BP-dependent activities than those of wild-type PDK3 (Fig. 4) . These results support the notion that ionic interactions between R158, D121 and R162 are essential for maintaining the closed conformation, and that a less stable closed conformation by disrupting these salt bridges results in higher PDK3 activity.
The pathology of the R158H mutation and the subsequent biochemical consequences of overactivity of this enzyme are not clear at present. PDK3 was shown previously to be only expressed in the testes, kidney and brain (23) . In this study, we confirmed expression in the brain and also showed expression in spinal cord and in skeletal muscle. It is therefore conceivable that the gain-of-function mutant PDK3 is expressed in both the motor and sensory nerves. The mutant PDK3 binds more tightly to the L2 domain of the PDC core than wild-type, which suggests that mutant PDK3 could pre-empt other wild-type PDK isoforms on the E2/E3BP core of PDC. In addition, the mutant PDK3 is insensitive to the inhibition by pyruvate, similar to wild-type PDK3. We postulate these combined effects of R158H PDK3 are likely to lock PDC in a predominantly phosphorylated inactive state leading to impaired ATP production and or lactate accumulation.
Peripheral neuropathy is common in mitochondrial disorders, occurring either as the primary clinical manifestation, e.g. CMT2A and CMT4A/2K due to mutations in MFN2 and GDAP1, respectively, or as part of a more complex phenotype, e.g. POLG1-related ataxia neuropathy spectrum disorders (33) . Cellular energy depletion is likely the underlying cause of the peripheral neuropathy, although lactate accumulation may also contribute. PDC deficiency, which usually manifests in infancy with developmental delay, hypotonia, seizures and abnormal cerebral neuroimaging, is associated with peripheral neuropathy in 7% of cases (34) . A relapsing chronic axonal neuropathy phenotype has also been seen in some patients (35) . Reduced PDC activity has previously been detected in fibroblast lines from several unrelated and genetically undefined CMT patients (36) . However, the issues of variable phosphorylation of PDC due to cell culture and assay conditions was not addressed (37) . Due to the tissue specific expression of the PDK3 protein, the usefulness of patient fibroblasts is limited as other isoforms of PDK (PDK1 and PDK2) also negatively regulate PDC activity in this tissue. In patients with the R158H mutation, the clinical phenotype is much milder than that seen in PDC deficiency, and is isolated to the peripheral nerves. Further studies on the expression, pathology and downstream biochemical consequences of the R158H mutant PDK3 in neuronal cell models are needed to shed further light on the etiology of this form of X-linked CMT.
MATERIALS AND METHODS
Patient samples
Patient ascertainment and collection of blood samples for analysis were collected with informed consent according to protocols approved by the Sydney Local Health District, Concord Hospital and Royal Children's Hospital Melbourne Human Research Ethics Committees. Genomic DNA was extracted from whole blood using the PureGene kit (Qiagen) according to manufacturer's recommendations. Members of the kindred underwent a clinical history, neurologic examination and neurophysiologic studies previously described (13) . When necessary, additional information was obtained from medical records. Affected individuals underwent additional assessments including: ankle flexibility (38) , hand dexterity [9-hole peg test (39) and functional dexterity test (40) ] and testing of grip strength and ankle movements with hand-held dynamometry (41, 42) . The Charcot-Marie-Tooth Neuropathy Score (CMTNS) was calculated for affected subjects (14) . Four affected males and three carrier females also underwent audiometric assessment (16) .
Linkage and haplotype analysis
Two point linkage analysis was performed using the MLINK program from the Linkage package (version 5.1) (43) in the Fastlink implementation (version 4.1p) (44) . Fully penetrant X-linked inheritance was assumed with a disease allele frequency of 0.0001. Marker allele frequencies were set at 1/n, where n is the number of observed alleles. Extended haplotypes of family members were constructed according to the order of the Rutgers combined linkage-physical map of the human genome (45) and based on the minimal number of intermarker recombinations.
Whole exome sequencing
WES was outsourced to Axeq Technologies (South Korea). DNA (2.5 mg) was used to prepare sequencing libraries using the Illumina TrueSeq Kit. The captured DNA was sequenced as paired end reads (100 bp) on an HiSeq 2000 sequencer (Illumina, San Diego, CA, USA). Sequence reads were mapped to the Human Feb. 2009 (GRCh37/hg19) assembly using BWA software (46) . Sequence variants including single-nucleotide variations (SNVs) and indels were called using SAMtools (47) . SNVs were annotated using dbSNP 132, and 1000 genomes SNP call release (20101109, 628 individuals). Sanger sequencing of PCR amplicons was outsourced for sequence validation using BigDye Terminator Cycle Sequencing protocols at the ACRF Facility, Garvan Institute of Medical Research (Australia). 
Mutation screening and genotyping
Mutation analysis was performed using HRM protocols established in our laboratory (17) . PCR amplicons for mutation scanning were designed to cover the coding exons and flanking intronic sequences. Primers for PDK3 screening were designed using the Light Scanner Primer Design Software (version 1.0.R.84 Idaho Technology) and are available on request. Melt Acquisition was performed on a 96-well Light Scanner (Idaho Technology) and the data analyzed with Light Scanner Call-IT 2.0 (Version 2.0.0.1331). Amplicons of differential melt curves were sequenced using BigDye Terminator Cycle Sequencing protocols at the ACRF Facility, Garvan Institute of Medical Research. HRM genotyping assays for segregation analysis and genotyping normal controls were performed as previously described with melt amplicons being designed to amplify 50-100 bp either side of the PDK3 mutation (48) .
Expression analysis
Commercially available cDNA libraries (Clontech) for spinal cord, fetal brain, adult whole brain and skeletal muscle were used for expression analysis of PDK3. An aliquot of each library (1 ml) was amplified using Immomix Master Mix (Bioline) and size fractionated on a 1% w/v agarose gel. Hyperladder IV (Bioline) was used as the size marker standard. The previously published primers designed amplified a 100 bp PCR product specific for the PDK3 isoenzyme cDNA (24) .
Vector construction and protein expression
Recombinant human PDK3 with its N-terminus fused to maltose-binding protein (MBP-PDK3), and the inner-lipoyl domain (L2) of human PDC were expressed and purified as described previously (30) . Mutations in MBP-PDK3 were introduced using the QuickChange site-directed mutagenesis system from Stratagene (La Jolla, CA, USA) according to manufacturer's instructions.
Assay for kinase activity
Kinase activity was assayed by monitoring the incorporation of 32 P form [g- 32 P]ATP into the E1p component of PDC as previously reported (49) . Briefly, the reaction mixture (25 ml in total volume) contained the following: 20 mM Tris -HCl (pH 7.5), 60 mM KCl, 2 mM dithiothreitol, 5 mM MgCl 2 and 25 mg of bovine serum albumin, 0.05-0.2 mM PDK3, 4 mM the E1p heterotetramer, with or without 100 nM E2pE3BP (based on the 60-meric core). The phosphorylation reaction was initiated by adding [g- 32 P]ATP (specific activity 200 -300 cpm/pmol) to the reaction mixture to a final concentration of 0.4 mM. At 1 or 2 min, the reaction was terminated by the addition of 20% trichloroacetic acid (150 ml) and 50 mM sodium pyrophosphate. Upon centrifugation, the pellet was washed three times with 10% trichloroacetic acid. Microcentrifuge tubes without the caps were transferred to 5-ml scintillation vials containing 3 ml of scintillation mixture, and radioactivity incorporated into substrate was counted. The specific activities of PDK3 were calculated as moles of 32 P incorporated/moles of kinase/min or min 21 .
Determination of dissociation constants by ITC
The wild-type and mutant MBP-PDK3 proteins were exhaustively dialyzed against 2 l of dialysis buffer containing 50 mM Tris-HCl, pH 7.5, and 50 mM KCl, 5% glycerol. L2 or ATP solutions (300 -400 mM) were placed in the titration syringe and injected in 10-ml increments into the reaction cell containing 1. 
